Recent in planta studies have shown that strains Fny and LS of Cucumber mosaic virus (CMV) display differential genetic diversities, Fny and LS having higher and lower mutation frequencies, respectively (J. S. Pita and M. J. Roossinck, J Virol 87:790 -797, 2012 http://dx.doi.org/10.1128/JVI.01891-12). In this article, we show that these virus strains have differential recombination frequencies as well. However, the high-diversity Fny strain is a low-recombination virus, whereas the very-low-diversity LS strain is instead a high-recombination virus. Unlike the mutation frequency that was determined by both RNAs 1 and 2, the control elements of recombination frequency reside predominantly within RNA 2, specifically within the 2a gene.
G
enetic recombination is the formation of chimeric molecules from segments previously separated on the same molecule or present on different parental molecules (1) . RNA recombination is one of the major forces increasing diversity of RNA viruses. It has been well studied for many plant RNA viruses under natural or experimental conditions (for a recent review, see reference 2). In spite of extensive use of Cucumber mosaic virus (CMV) as a model system for virus evolution studies, not much about the role of recombination in the life cycle of CMV is known, other than a propensity for exchanges in the 3= end in reassorted viruses (3, 4) . CMV (genus Cucumovirus; family Bromoviridae) is an extremely successful virus that infects plants all around the world. The variety of available strains of CMV and the divided genome of the virus provide a useful and convenient system to study many general principles of virus evolution and ecology. CMV RNA 1 encodes the methyltransferase and helicase domains (1a), and RNA 2 encodes the polymerase (2a), together forming the viral components of the replicase complex (5, 6) . RNA 2 also encodes the 2b protein (7) involved in RNA silencing suppression, systemic spread, and symptom production, and RNA 3 encodes the 3a (movement) and coat proteins (8, 9) . Previously, we used the CMV system to elucidate the forces behind RNA virus population diversity. We identified the genes that are related to the different population diversity levels in different strains of CMV, and we mapped the regions that are associated with high and low levels of diversity (10) . We used the same system to understand the mechanisms underlying the fixation of newly generated variants in a viral population (3), a process that constitutes a key aspect of evolutionary dynamics. We found that the increase in relative fitness of such variants in CMV populations is associated with a better adaptation to the replicase complex. In this study, we investigate the contribution of recombination to the population dynamics of CMV by analyzing the progeny of pairs of RNA 3 variants carrying marker mutations in planta. We demonstrate the crucial role of the 2a gene in CMV RNA recombination, and we highlight differences between mutation and recombination from an evolutionary standpoint.
MATERIALS AND METHODS
Viruses and hosts. The Fny and LS strains of CMV and the procedure to make infectious RNA transcripts from these CMV strains were previously described (11, 12) . The intermolecular recombinant F 2a LS 2b , in which the Fny 2b gene was replaced with that of CMV LS, also was described previously (10) . All studies were done with Nicotiana benthamiana.
Construction of CMV RNA 3 mutants bearing restriction enzyme markers. We created a number of CMV Fny and LS RNA 3 restriction site mutants to use as reporters of recombination events. Wild-type cDNA clones of Fny and LS RNA 3 were used to conduct nucleotide substitution mutagenesis by PCR overlap extension and to introduce silent mutations that created a specific restriction site for each mutant ( Table 1 ). The introduced restriction sites are located in the movement protein, the intergenic region, and the coat protein (Fig. 1) . The mutations were confirmed by sequence analysis of cDNA clones. The BamHI mutant was created in a previous study (13) .
In planta recombination assay. Equal amounts of pairs of CMV Fny or LS RNA 3 mutants (infectious RNA transcripts) were coinoculated into 3-week-old plants with infectious RNA transcripts of CMV RNAs 1 and 2, as previously described (10) . At 15 days postinoculation (dpi), total RNA isolation from systemically infected leaves and high-fidelity reverse transcription (HiFi RT) were performed as previously described (10) . For RT reactions, the first-strand primer CN3nf (Table 1) was used for both CMV Fny and LS RNA 3. The cDNAs produced were used as the templates for thermal-cycling reactions with the same first-strand primer and forward primer 217-238F or 48-70F (Table 1) , specific for CMV Fny and LS RNA 3, respectively. The generated fragments were of 1,999 nucleotides (nt) for Fny RNA 3 and 2,150 nt for LS RNA 3. The thermal-cycling reactions were carried out as described previously (14) .
The HiFi RT-PCR products of interest were purified by electrophoresis on 6% polyacrylamide gels followed by staining with methylene blue and eluted as follows. A piece of the gel containing the PCR band product of the expected size was cut out with a sterilized razor blade and placed into a 0.5-ml microcentrifuge tube containing a hole pierced with a needle. The tube was inserted into a 1.5-ml microcentrifuge tube, and both tubes were centrifuged at 13,000 rpm (16,000 ϫ g) for 2 min to crush the excised acrylamide gel through the needle hole. The crushed product was recovered in the 1.5-ml microcentrifuge tube and resuspended in 250 l of buffer (3 mM Tris-HCl, 0.2 mM EDTA) and 50 l of 7.5 M NH 4 Oac and incubated at 65°C for 30 min. After the incubation, the resuspension was transferred to a 2-ml SpinX column containing a filter. The PCR product was separated from the polyacrylamide gel by centrifugation of the SpinX column at 13,000 rpm for 5 min, and the eluate was concentrated by ethanol precipitation.
The purifed PCR products were ligated into pGEM-T Easy vector (Promega). The ligation product was used to transform Escherichia coli 
a Lowercase letters in the primer sequence indicate the mutated nucleotides. b For G1505A and T1508C, the nucleotides at 1505 and 1508 were changed from G to A and T to C, respectively, to generate the restriction enzyme site BamHI. The BamHI mutant used in this work was created in a previous study (11) . The other mutants were constructed in a similar fashion. 
Control RT-PCR assays.
Control experiments were conducted to eliminate the possibility of recombinant artifacts being generated by RT-PCR amplifications. For that purpose, total RNAs from two different plants infected, respectively, with the BamHI or NcoI mutant (for CMV Fny) or with the SpeI and BglII/NsiI or SacII mutant (for CMV LS) were mixed in equal concentrations, and the mixture was used to perform recombination assays following the protocol described above.
Sequence analyses. The sequences of the deletion mutants were determined using the ABI 3730 DNA analyzer and analyzed using DNASTAR (Lasergene 11).
Statistical analysis. Differences in recombination frequencies between viruses were tested for statistical significance using a one-way analysis of variance (ANOVA) test from StatPlus:mac LE.
RESULTS AND DISCUSSION
Infectivity and in planta stability of the constructed RNA 3 mutants. The infectivity and the stability of each of the BamHI, NcoI, SpeI, BglII, NsiI, and SacII mutants were determined on N. benthamiana plants. Infectious RNA transcripts of each mutant were mixed with infectious transcripts of the appropriate RNAs 1 and 2 from CMV Fny or LS and inoculated on the leaves of 3-week-old plants. The time necessary for the appearance of the symptoms and their severity did not differ between plants inoculated with the mutants tested and plants infected with the wild-type CMV Fny or LS strain (data not shown). Restriction fragment length polymorphism (RFLP) analysis of the HiFi RT-PCR products (100 positive clones for each mutant) demonstrated that the introduced restriction sites were maintained in the RNA 3 mutant progenies at 15 dpi (data not shown), confirming the stability of the RNA 3 mutants during infection and the ability to recover the mutants from infected plants by the procedure described above.
Recombination events are rare in CMV Fny. To be certain that we were detecting recombination in the virus infection, rather than artifactually in the RT-PCR, we mixed RNA templates from plants individually infected with each of two mutants and analyzed 325 clones obtained after amplification. No recombinants were identified in the clones derived from the control experiments, and BamHI and NcoI mutants could be recovered equally from infected plants ( Table 2 ) (by ANOVA, P ϭ 0.658 [with P Ͼ 0.05 considered significant]), so we used the following assay to calculate the recombination frequency in CMV Fny populations in N. benthamiana. In the absence of recombination between the coinoculated parental RNAs 3, the digestion pattern of each clone is identical to that of one of the parental clones. However, a recombination event between the parental RNAs 3 leads to the appearance of two kinds of recombinants, named "No site" and "Two-site" (Fig. 1) , that can be detected by the restriction profile. For Fny, we obtained a low recombination frequency using this assay: Ͻ2% (Table 2 ). This is surprisingly low compared to the recombination frequencies published for other DNA and RNA plant viruses.
Froissart et al. (15) showed that in Cauliflower mosaic virus populations, over 50% of progeny viral genomes were recombinants after a single host infection, indicating that recombination is very frequent in the populations of that DNA plant virus. The calculated recombination frequency in Brome mosaic virus (BMV), an RNA plant virus belonging to the same family as CMV, is 25% (16), about 12 times higher than that of CMV Fny. Therefore, the low recombination frequency obtained here indicates that recombination is not a very frequent phenomenon in the replication cycle of strain Fny.
Differential recombination dynamics in various Fny RNA 3 populations in N. benthamiana. In an earlier study, RNA 3 progeny populations of the reassortant virus L 1 L 2 F 3 , consisting of RNAs 1 and 2 from CMV LS and RNA 3 from CMV Fny, contained mostly recombinants (3, 10) . Here we measured the recombination frequency of L 1 L 2 F 3 virus in an additional assay by coinoculating BamHI and NcoI mutants with infectious RNA transcripts of LS RNAs 1 and 2 and following the procedure described above to calculate the recombination frequency in L 1 L 2 F 3 progeny populations at 15 dpi. We obtained a recombination frequency of 28% (Table 3) , which is in the range of that of BMV (16) .
Recombination frequencies calculated in various F 3 reassortant/recombinant viruses. We measured the recombination frequencies in the F 3 progeny supported by reassortant viruses between CMV strains Fny and LS: F 1 L 2 , L 1 F 2 , and F 1 F 2a LS 2b F 3 , in which the 2b gene of Fny was replaced with that of LS ( Table 3) . The recombination frequency for F 1 L 2 F 3 was significantly higher than that for Fny (F 1 F 2 F 3 , P ϭ 0.0000 and F ϭ 666.97), indicating that the replacement of the RNA 2 of Fny with that of LS (L 2 ) was enough to switch Fny to a high-recombination virus (Table 3) (P ϭ 0.0019, F ϭ 52.20). In our previous studies on mutation frequencies in these reassortant viruses, the opposite result was seen: the presence of F 2 was sufficient to switch L 1 L 2 L 3 from a low-diversity virus to a high-diversity virus (10). The recombination frequency calculated for L 1 F 2 F 3 , although significantly higher than that of F 1 F 2 F 3 (Table 3) , is still not in the range of that of high-recombination viruses, indicating that RNA 1 may harbor a viral control element or elements of recombination frequency but not to the same level as RNA 2. The RNA 2b gene does not seem to contribute any effect on recombination frequency, since the calculated recombination frequency in the progeny of F 1 F 2a LS 2b F 3 is not significantly different from that of F 1 F 2 F 3 ( Table 3 ) (P ϭ 0.072, F ϭ 5.92).
Recombination events are very frequent in CMV LS. To be certain that the high recombination frequency of L 1 L 2 F 3 was not due to the heterologous RNA 3, we constructed two CMV LS RNA 3 restriction site (SpeI and BglII) mutants to measure recombination frequency in LS populations (Table 1 ; Fig. 1 ). No recombinant was identified out of the 326 control clones (0%) derived from the control experiments (Table 4) , and both SpeI and BglII mutants could be recovered equally from individually infected plants (by ANOVA, P ϭ 0.289 [where P Ͼ 0.05 is significant]). Using this assay with LS, we obtained a recombination frequency of 28.2%, which is in the range of that of high-recombination viruses (Table 4 ) and essentially the same as what we found when the RNA 3 was derived from CMV Fny. Hence, the high recombination frequency calculated for L 1 L 2 F 3 is not a result of its reassortant nature. Irrespective of the origin of the replicating RNA 3 (F 3 or L 3 ), the calculated recombination frequencies for L 1 L 2 are in the higher-recombination range, while that of F 1 F 2 (F 1 F 2 F 3 ) is in the lower-recombination range (Tables 3 and 4 ), indicating that polymerases of different strains of the same virus generate very different recombination frequencies in plants.
Although we could calculate recombination frequencies in L 1 L 2 L 3 populations, we could not recover the BglII mutant from L 1 L 2 L 3 progenies (Table 4 ) (i.e., the BglII mutant was recovered only in single infections), indicating that it might be under strong negative selection pressure in the context of a mixed infection. Hence, we used two additional CMV LS RNA 3 NsiI and SacII mutants ( Table 1 ; Fig. 1 ) to calculate recombination frequencies in L 1 L 2 L 3 populations. However, like the BglII mutant, we could not recover NsiI or SacII mutants from L 1 L 2 L 3 progeny populations. All of the recombinants were of the wild-type sequence (No site). The recombination frequencies calculated with the NsiI and SacII mutants, although significantly different from the frequency calculated with the BglII mutant, were also in the high-recombination range (Table 4 ). The differences between the calculated recombination frequencies were most likely due to differences in the lengths of the segments provided for recombination (1,329 nt for the BglII mutant, 860 nt for the NsiI mutant, and 940 nt for the SacII mutant).
The control elements for recombination frequency reside in RNA 2. The SpeI and BglII mutants were used to calculate recom- bination frequencies in the L 3 progeny populations of various reassortant/recombinant viruses in N. benthamiana (Table 5 ). The calculated recombination frequency for L 1 F 2 L 3 was in the lowrecombination range ( Table 5 ) compared to that of L 1 L 2 L 3 . Therefore, the replacement of CMV LS RNA 2 with that of CMV Fny was sufficient to switch LS to a low-recombination virus. This confirms that the control element or elements for recombination frequency reside in CMV RNA 2. Likewise, the recombination frequency of F 1 F 2 L 3 was in the low-recombination range ( Table  5 ), confirming that irrespective of the replicating RNA 3, F 3 or L 3 , the calculated recombination frequencies were significantly lower when the polymerase is derived from Fny than when it is derived from LS (Tables 3, 5 , and 6).
The calculated recombination frequencies for F 1 L 2 L 3 populations confirm that CMV control elements for recombination frequencies reside predominantly in RNA 2, since the replacement of F 2 by L 2 is enough to switch to a high-recombination virus (Table  5 ). Further mapping indicates that those control elements are located more precisely in the 2a gene. The replacement of CMV LS 2a with that of Fny 2a (
to a low-recombination virus (Table 5) .
In addition to reducing the recombination frequency of CMV LS, Fny-2a also generated deletion mutants. Two deletion mutants were identified in the progeny populations of L 1 F 2a LS 2b L 3 . The same deletion mutants among others were found in the progeny of the reassortant virus L 1 F 2 L 3 (Table 5 ). Based on the sizes of the deleted fragments and depending on the deletion sites, we could distinguish several different deletion mutants (Fig. 2) . Similar deletion mutants were found associated with the Fny strain of CMV but not the Sny strain after serial passages in a tobacco host (17) . L 1 F 2a LS 2b L 3 progeny populations present clear evidence that the CMV polymerase (2a) gene plays a critical role in the preferential selection of the replicating RNA 3 mutants. We found that L 3 virus progeny populations always had only one mutant type, an SpeI or BglII mutant; both mutants were never found together. Interestingly, the SpeI mutant is selected in the presence of CMV LS RNA 2, whereas the BglII mutant is preferentially selected in the presence of either CMV Fny RNA 2 or Fny 2a (Table 5) .
Recently, we showed that the Fny and LS strains of CMV have significantly different mutation frequencies. By using reassortant and intermolecular recombinant viruses between the two strains, we mapped the viral domains controlling mutation frequency in CMV (10) . In this article, we used the same strains to map the viral control elements of recombination frequency in CMV. The results presented here provide insights into the different roles of recombination and point mutations in shaping population dynamics in CMV. Serviene et al. (18) identified over 30 host genes suppressing or increasing RNA recombination of Tomato bushy stunt virus (TBSV). Among these genes, pmr1, which encodes an ion pump (Pmr1p) regulating Ca 2ϩ /Mn 2ϩ influx into the Golgi apparatus from the cytosol, affects the frequency of viral recombination in yeast (19) . The changes in frequency of recombination are likely due to TBSV replicase that switched to a superactive mode in pmr1-5=-deleted yeast (19) . Interestingly, similarly to mutation frequency, we demonstrated here that the replicases of CMV Fny (F 1 F 2 ) and LS (L 1 L 2 ) generate different recombination frequencies in the same host, N. benthamiana, irrespective of the replicating RNA 3. Indeed, in the copy choice mechanism that is likely used in the recombination process described here, recombinant RNAs are formed due to switching of viral replicase between RNA templates. However, the switching properties depend in part on the replicase processivity (2), a measure of the average number of nucleotides copied per template association-disassociation cycle (20) . In CMV, the active replicase consists of the 1a and 2a proteins as well as a host factor or factors.
Unlike mutation frequency, for which CMV control elements reside in both RNAs 1 and 2, we found that the recombination frequency control elements are located solely in RNA 2, more precisely in the 2a open reading frame (ORF). Mutational studies on BMV 2a polymerase also indicated the role of polymerase in recombination. A 2a mutation affected the precision as well as the location of RNA recombination sites (21) . The authors speculated that the modified 2a forms a replicase complex that has limited RNA template-switching ability because of changes in its processivity that could lead to a decreased frequency of recombination. In Human immunodeficiency virus, a number of studies have suggested that processivity and fidelity are inversely linked, such that low-processivity polymerases have higher fidelity (22) . If the processivity of CMV LS polymerase is low, we would expect higher recombination rates and higher fidelity, whereas if the CMV Fny polymerase is relatively higher in processivity, we would expect the opposite. Although we have not measured the polymerase fidelity, the differences in mutation frequency are likely a reflection of polymerase fidelity. Hence it is possible that due to differences in polymerase processivity, strain LS is highly recombinogenic, its polymerase promoting homologous recombination, whereas the polymerase of the nonrecombinogenic CMV strain Fny generates nonhomologous intramolecular recombination, leading to the formation of various defective RNAs (DRNAs) ( Table 5 and Fig. 2) .
From an evolutionary standpoint, recombination can either increase or decrease mutation frequency, as it can result in the addition of mutations when two mutated molecules recombine to maintain mutations, or the loss of mutations resulting in recombinants like the No-site recombinants seen in our assays. Since a lot of No-site progenies were observed with the LS CMV and no Two-site progeny could be detected, this may be a strategy to reduce mutation frequency in strain LS, where the mutants essentially revert to wild type through recombination. Of course, we cannot rule out the reversion by mutation and selection rather than by recombination, but since one of the mutants is very stable, this is seems less likely.
For the first time, we have provided a calculated recombination frequency for CMV and we have shown that the two strains, Fny and LS, in addition to having significantly different mutation frequencies also possess significantly different recombination frequencies. However, each strain presents an opposite character with respect to mutation and recombination frequencies. This results in an inner biological conflict in the replication cycle of these viruses. The strain with the lower recombination frequency (Fny) displays a higher mutation frequency, while the one displaying the lower mutation frequency (LS) has the higher recombination frequency. This could represent different evolutionary strategies by different strains of CMV to control population dynamics. Using the mutation frequency as the indicator of population variations, Schneider et al. (23) showed that Cowpea chlorotic mottle Mutant A contains a 564-nucleotide (nt) in-frame deletion in the 3a ORF, spanning nt 120 to 683. Mutant B contains two deletions in the 3a ORF. The first one is located between nt 280 and 770, and the second one is an 81-nt in-frame deletion from nt 775. The two deletions are separated by 4 nt (AAAC). Mutant B was found in several clones. The deletion event in mutant C occurred between nt 89 and 847, almost resulting in the complete deletion of the 3a ORF. Mutant D is an in-frame deletion of 290 amino acids, stretching from the 3a ORF (nt 523) to the CP ORF (nt 1392) and encompassing the intergenic region. Different mutants were isolated from the same plant.
virus (CCMV) of the family Bromoviridae had no detectable variation through 10 serial passages on N. benthamiana, except for a single clone that underwent a recombination event, incorporating 24 nucleotides into the intercistronic region. Similarly, Allison et al. (24) showed that recombination was very frequent in CCMV populations, a strategy used by the virus to regenerate functional RNA genomes, and that recombination events occurred during the divergence of CCMV (25) . With these limited examples, we can speculate that high mutation frequency and high recombination frequency may not coexist in virus replication cycles. Schneider et al. (23) showed that viral diversities always reach an equilibrium point that is characteristic of the virus-host interaction. If mutation frequency is a reflection of mutation rate, viruses with greater mutation rates may not tolerate high recombination rates as well as they could be pushed too close to extinction (26) ; alternatively, lower mutation frequencies may be reflective of higher recombination rates that resolve mutations. The difference may also be enzymatic: it is possible that higher processivity results in higher mutation rates, whereas lower processivity results in higher recombination rates.
